A B S T R A C T Fast and slow rat transferrins were isolated by isoelectric focusing and prepared in their di-and monoferric forms. A comparison of the rates of iron release between fast and slow diferric transferrins and between fast and slow monoferric transferrins when incubated with reticulocytes or injected in vivo showed no significant difference in the behavior of the two isotransferrin species. Reticulocyte uptake of diferric transferrin resulted in the removal of both iron atoms from the transferrin molecule. A twofold greater iron uptake was observed from diferric as compared with monoferric iron, provided reticulocyte receptors were saturated. It is concluded that the two species of transferrin and their individual sites function similarly in their release of iron to tissue receptors.
INTRODUCTION
Transferrin is the iron transport protein of the blood plasma. Tracer studies of internal iron kinetics have been based on the assumption that transferrin iron behaves as a homogeneous iron pool (1, 2) . In the past 10 years this concept has been questioned by a number of investigators on the basis of the chemical behavior of the two iron binding sites of the transferrin molecule (3) (4) (5) (6) (7) (8) , the uptake of transferrin iron by reticulocytes (9, 10) , and in vivo studies of iron exchange (11) (12) (13) (14) . Most of the biologic studies supporting a heterogeneous behavior of transferrin iron have been carried out with materials from the rat. Rat plasma has two isotransferrins, referred to as transferrmn-fast (Tff)l and transferrin-slow2 (Tfs), which exist in apo-, mono-, and Dr. Huebers was supported by a fellowship from the Deutsche Forschungsgemeinschaft.
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2The symbols f and s refer to the sequence of the diferric peaks in the eluate ofa DEAE column at alkaline pH (15) . This differs from the nomenclature of Gordon and Louis (16) where the electrophoretic mobility denoted by the symbols S and F was reversed. 944 diferric forms (16) . Heterogeneity in the delivery ofiron could be a result of (a) differences between isotransferrins, (b) differences between the two binding sites of the transferrin molecule, (c) the relative number of mono-and diferric transferrin molecules, or (d) methodologic problems in a complex experimental model. These possibilities have been examined in this study, and the transport behavior oftransferrin has been defined.
METHODS
Male Sprague-Dawley rats weighing 200-250 g were used throughout. Iron deficiency was produced by feeding rats a low-iron diet (8 mg/kg) along with bleeding a total of 6 ml of blood by cardiac puncture over a period of 14 days.
Plasma used for labeling the individual transferrin forms was obtained from iron-deficient rats fasted overnight. The serum iron of these rats was -40 ,ug/dl and the total iron binding capacity -850 ,ug/dl. To 75 ml of plasma 25 ml 1 M Tris/HCl buffer (pH 8.3) was added. Next, ferrous ammonium sulfate (750 j,g Fe dissolved in 2 ml 0.01 N HCI) was mixed with 75 ,uCi 59Fe (as 59FeSO4, sp act 6-20 ,uCi/,Lg, dissolved in 0.5 M HC1, New England Nuclear, Boston, Mass.) or with 225 ,Ci 55Fe (as 55FeSO4, sp act [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] ,uCi/,g, dissolved in 0.5 M HCI) from the same manufacturer. The added iron was sufficient to exceed the transferrin saturation by about 20%, and the final pH was 8.1. Excess iron was removed as described below. The mixture was then incubated at 37°C for 30 min. After cooling to 40C the plasma was allowed to stand overnight at 4°C.
Isolation procedures. Tff and TfL were isolated from the iron-saturated plasma by gel chromatography on Sepharose 6B (Pharmacia Fine Chemicals, Piscataway, N. J.), DEAE ion exchange chromatography on Sephadex A-50 (Pharmacia Fine Chemicals), and isoelectric focusing procedures. Details ofthe method have been described (15) . The absorption ratio A46/ A280 for diferric transferrin was found to be 0.046 as reported elsewhere (17) . With these isolation procedures 300 mg of diferric Tff and 128 mg of diferric T£ were obtained from 75 ml plasma of iron-deficient rats.
Monoferric transferrin species were isolated with the tagged diferric transferrin species Tff and Tf, as starting material. The method takes advantage of the observation that one iron atom is released from the acid-labile binding site at pH 5.1 (17) . To achieve this 100-mg aliquots of the diferric preparation dissolved in 50 ml buffered saline (pH 7. acetic acid buffer, pH 5.1; void volume, 145 ml). Elution was performed with the same buffer as taken for equilibration at 1 ml/min. The ultraviolet absorption of the eluate was monitored continuously with a Uvicord II detector (Pharmacia Fine Chemicals). The 59Fe or 55Fe content of the collected fractions was measured. The protein fractions carrying 59Fe or 55Fe coming at the void volume were pooled and the pH was adjusted to 7.0 with solid sodium bicarbonate. After concentration by ultrafiltration (Amicon ultrafiltration cell 8MC, PM10 filter, Amicon Corp., Lexington, Mass.) to 6 ml (14 mg protein/ ml), and the solution was stored at 4°C. No redistribution of the iron was observed after 1 mo storage. The absorption ratio of each monoferric band after isoelectric focusing at A465/A280 was 0.023, indicating an iron:protein ratio of 1:1 (17) . In addition, no redistribution occurred between acid-labile and acid-stable sites as evidenced by repeating Sephadex G-50 chromatography at pH 5.1. Selectively doubly labeled transferrin was prepared from the acid-stable, 59Fe-tagged, concentrated monoferric transferrin fraction after Sephadex G-50 chromatography at pH 5.1. The pH of 1 ml of this fraction (14 mg protein/ml) was raised to 8.0 with an equal volume of 0.3 M Tris/HCl buffer (pH 8.3). 55Fe-tagged ferrous ammonium sulfate (prepared as described above) was added in amounts sufficient to oversaturate the specific iron binding sites by 20% and allowing approximately equal counts of 59Fe and 55Fe iron. After a 30-min incubation at 37°C a 2-ml aliquot was applied on a Sephadex G-50 column (1.8 x 50 cm) equlibrated with 0.3 M Tris/HCl buffer, pH 8.3. Elution was performed with the same buffer at 0.5 ml/min and fractions of 5 ml were collected. Three pooled radioiron containing fractions (vol, 15 ml) coming immediately after the void volume were found by isoelectric focusing to contain only specifically bound iron. Absorption spectroscopy gave a ratio E465/E280 of 0.046 which is characteristic for pure diferric rat plasma transferrin. Measurement of the 55Fe:59Fe ratio before and after passage through a Sephadex G-50 column at a pH of 5.1 provided evidence that the 55Fe and 59Fe were bound with a specificity of 84% to the acid-labile or acid-stable binding sites, respectively. In 10 different batches the specific localization was 86+5%. No side-to-side exchange ofthe isotopes was observed during incubation and 1-wk storage at 4°C.
Before using the individual transferrin species for in vitro incubation with reticulocyte-rich suspensions or for intravenous injection in vivo, a 5-ml sample was buffer exchanged against Hanks' buffer (pH 7.4) with a column (0.8 x 20 cm) filled with Sephadex G-25 coarse.
In vitro studies. Reticulocyte-rich suspensions were obtained from the heparinized blood ofiron-deficient rats. These animals were bled through the abdominal aorta. The blood was centrifuged (900 g, 10 min) and the erythrocytes were washed once with a 10-fold volume of 0.9% saline. Thereafter, the erythrocytes were resuspended in Hanks' buffer and divided in equal parts in preparation for incubation studies. After centrifugation, the supernate was replaced by a mixture of 1 ml of the individually tagged transferrin species and 6 ml cold Hanks' buffer. Heparin (sodium salt) (10 U/ml) was added as an anticoagulant. The hematocrit was adjusted with Hanks' buffer to 15-20%. Reticulocytes were stained with brilliant cresyl blue and counts of-40% were obtained. Incubation was performed for 60 min at 37°C. Less than 3% of plasma radioactivity was found to be free hemoglobin.
Duplicate samples of 400 Al were taken at various intervals between 0 and 60 min and centrifuged immediately at 40C for 1 min at 7,900 g. After centrifugation a 200-,ul aliquot of the supemate was removed and the erythrocytes were washed in 14 ml of ice cold 0.9% saline (pH adjusted to 7.4 with 20 mM phosphate buffer, pH 7.4). After centrifugation (1,400 g, 10 min) the radioactivity in the reticulocyte-rich sediment was counted. Radioactivity in the incubation medium was counted in 200-Al aliquots in an automatic y-counter (Packard model 5330, Packard Instrument Co., Inc., Downers Grove, Ill.). Total plasma activity and total erythrocyte activity were calculated with the hematocrit. Iron uptake by reticulocytes was expressed as microgram iron taken up by 1 ml of the reticulocyte-rich sediment in 1 h. The iron uptake was plotted against the iron concentration in the incubation medium given as micrograms of Fe per deciliter media.
In vivo studies. In these studies 250-,l samples of the tagged transferrin species (containing 0.5-1 ,LCi 5Fe or 55Fe; iron content 0.2 ,ujg) were used for injection; 0.5 ml ofthe mixture oftwo different diferric transferrin forms, each labeled with a separate isotope, was injected in the tail vein of the anesthetized animal. After 2 min a 0.5-ml blood sample was taken by heart puncture and the radioactivity in a 200-/.l plasma aliquot was counted as described under In vitro studies. The activity of this plasma aliquot served as a 100% radioiron standard for monitoring the plasma radioiron disappearance. Iron-deficient rats were sacrificed 15 min after the injection of the diferric and 25 min after the injection of the monoferric transferrin samples. For normal rats the intervals were 40-60 min. These times gave tissue uptake of at least 50% of the injected isotopes.
At the time of sacrifice 7-8 ml blood was removed through the abdominal aorta; 400-,ul blood samples were immediately put on ice and centrifuged at 4°C. 59Fe radioactivity in the sediment and in plasma aliquots was counted as described under In vitro studies. Meanwhile, the animal was exchange transfused with 2-3 blood vol of a 0.9% saline warmed up to 37°C. The liver, femurs, and spleen were removed for determination of radioactivity. In one study heme was extracted from an aliquot of marrow and reticulocytes (18) and ferritin from liver (heat denaturation and ammonium sulfate precipitation).
59Fe activity was measured at 4°C with a Packard y-counter (model 5330, Packard Instrument Co., Inc.). Total plasma activity and total erythrocyte activity were calculated with the hematocrit and assuming a blood volume of 60 ml/kg body weight. Total marrow activity was calculated by multiplying the total activity in the two femurs by 6.5.
Total 55Fe activity was not determined directly but was derived from the count ratio of 59Fe to 55Fe. Duplicate 0.2-0.4-g aliquots of organs and 200-,lI aliquots of plasma and erythrocytes were wet ashed. An aliquot of marrow was eluted from each femur with 0.2 ml saline and this too was wet ashed. All samples were prepared for counting by a modification ofthe method of Eakins and Brown (19) and were counted in a Packard model 2425 Tri-Carb liquid scintillation spectrometer (Packard Instrument Co., Inc.). Counting efficiencies were 75% for 59Fe and 25% for 55Fe. Correction was made for cross counting, and the ratio of 55Fe:59Fe was calculated. The injected transferrin samples were also counted and radioactivity was expressed as a percentage of the injected dose. Data was analyzed with Student's t test.
Isoelectric focusing procedure. The purity of the individual transferrin forms and the distribution of 59Fe between monoferric and diferric transferrin species was monitored by isoelectric focusing in gel columns. In these studies 2-ml samples were dialyzed against 1 mM Tris/HCl buffer (pH 7.6) and a 0.5-ml aliquot was subjected to isoelectric focusing. A 7.5% polyacrylamide column (1.4 x 18 cm) was prepared according to Karlsson et al. (20) . The gel contained 1% ampholine (pH range 5-7; LKB Western Instruments, Pleasant Hill, Calif.), and isoelectric focusing was carried out in an electrophoresis cell (Bio-Rad model 155 Bio-Rad Laboratories, Richmond, Calif.) for 20 h at 1,000 V and 10°C. Thereafter, the gel was cut into slices of 2-mm thickness, altogether
Transferrin Uptake by Reticulocytes 945 -90 sections/gel. The radioiron content in these slices was measured in a gamma spectrometer (Packard model 5330 Packard Instrument Co., Inc.). In some studies the transferrin species were eluted out from the gel by addition of3 ml 0.1 M Tris/HCl buffer (pH 8.0) and shaken overnight at room temperature. A 2-ml aliquot was taken and the absorption ratio A4/A280 was determined with a Gilford spectrophotometer (model 2400, Gilford Instrument Laboratories, Inc., Oberlin, Ohio).
RESULTS
Analytical separation of the individual transferrin species (Fig. 1) In vitro studies. The iron uptake from the two 59Fe-tagged diferric transferrins at a mixture as they occur in the plasma of iron-deficient rats (70:30) was found to be concentration dependent and gave a curve with saturation characteristics (Fig. 2) . A similar shape was found for the uptake of iron from a mixture of the four monoferric species (Fig. 2) . The amount ofiron taken up from the two iron-loaded forms was similar up to an iron concentration of 40 ,g/dl. At higher concentrations of iron precisely twice as much iron is taken up from the diferric form. The 59Fe isoelectric focusing profile of the diferric species at an iron concentration of 90 ug/dl before and after reticulocyte incubation is shown in Fig. 3 . The profile ofthe incubation medium containing only diferric transferrin (s and 0 is shown on the left.
Monoferric species are present only in tracer amounts. This same plasma after reticulocyte incubation is shown on the right. After the 60-min incubation period about one-half of the iron is removed by the reticulocytes, and there is no appearance of appreciable amounts of the monoferric species. It is also evident that iron is removed proportionately from Tff and Tfs because the distribution of radioiron between the two diferric species before and after incubation stays constant.
In addition, the iron donating properties of the and Fe2Tf, species before and after incubation with reticulocytes. Reticulocytes from iron-deficient rats were incubated for 60 min at 37°C. The initial iron concentration in the incubation medium was 90 ,ug/dl. Isoelectric focusing was carried out with a 5-ml cell-free aliquot as described under Methods except that a fivefold concentration of the incubation media was employed. The distribution of the activity in percent between the fast and slow species as well as the absorption ratio of the peaks after isoelectric focusing is indicated.
diferric species fast and slow were compared separately. In incubation studies performed with six different reticulocyte populations from iron-deficient animals there was no significant difference in the rate of iron uptake between the pure species and their 50:50 mixture (Table I) .
In vivo studies. To assess the behavior of the two diferric transferrin species in vivo, the two forms, each labeled with a separate isotope, were injected intravenously at the same time in normal and iron-deficient rats. After at least 50% of the plasma radioactivity had disappeared (15-40 min), the animal was perfused and tissue activity was determined (Table II) . In the erythron and in other tissues there was no appreciable difference between the diferric species fast and slow as studied in iron-deficient and normal animals. A similar experiment done with the individual monoferric species derived from diferric fast and slow also showed no difference in the organ distribution. The isotope ratios from these experiments are given in Table III . All ratios are very close to one. The small differences found are not statistically significant (P > 0.05). In five normal animals heme was extracted from reticulocytes and marrow and ferritin from liver. Activity ratios obtained showed no significant difference from those found in the original tissue.
In the last experiment of this series the iron donating properties of the two iron binding sites in the diferric transferrin molecule were compared. One isotope (59Fe) was bound specifically to the acid-stable binding side ("B side"), the other (55Fe) to the acid-labile binding side ("A side"). The tissue distribution (Table IV) looks identical to the radioiron distribution of the uniformly labeled diferric species (Table II) . Measurement of the ratio 59Fe:55Fe in tagged tissues of normal and iron-deficient rats (Table V) (21) (22) (23) (24) (25) , and alternate possibilities have been suggested. One is that the protein is able to pass iron selectively from its individual sites to site-specific tissues and by differential loading and unloading to direct the flow ofiron (26) . The other possibility is that transferrin acts as a general transport vehicle and that the exchange of iron is dictated by the amount of iron entering the circulation and the amount removed by individual tissues according to the number of receptors for iron which they possess. A clear definition of the behavior of transferrin would appear essential for an understanding of the regulation of the iron supply to individual tissues and for the interpretation of plasma iron kinetic studies.
The rat is a complex model, having two species of transferrin (15) . Tff constitutes 80% of all transferrin in the normal and 70% in the iron-deficient animal (17) . In the present study these transferrins were isolated in pure form and as the mono-and diferric species. The majority of studies considered the simpler interaction of transferrin iron in these different forms with the receptors of immature rat erythrocytes. Other studies, however, evaluated the rate and amount of iron uptake from these transferrin fractions by body tissues in vivo.
The first question addressed was the comparative behavior of the two sites of transferrin. Fletcher and Huehns (26) advanced the hypothesis that each iron binding site of transferrin delivered iron preferentially to certain tissues, site A to the erythron and placenta, and site B to the liver and other tissues. Since that time Transferrin Uptake by Reticulocytes 947 (9) (10) (11) (12) (13) (14) . Such studies were based upon a model in which it was assumed that reticulocytes incubated with plasma would remove iron selectively from the socalled "reticulocyte-oriented site." In the present study it has been shown that the two isotopes of radioiron, added selectively by pH manipulation in vitro to the two sites of transferrin, were taken up in equal amounts by rat reticulocytes (Table IV) (4, 27, 28) . However, these are not relevant to the exchange of transferrin iron with tissue receptors.
Iron release from the Tff and Tf, of the rat were also examined as a possible cause of heterogeneity in iron release. The comparative rates of release from the two diferric transferrins to reticulocytes in vitro (Table I) showed no significant difference as had previously (32) , that iron release from transferrin increases with increasing degrees of transferrin saturation, and it has been further shown that this is because of the greater proportion of diferric as compared to monoferric iron present (33, 34) . In the reticulocyte model the diferric form can deliver precisely twice as much iron as the monoferric, providing there is sufficient transferrin present to saturate reticulocyte binding sites (Fig. II) . However, this preferential capability of iron from diferric transferrin would seem to depend upon the saturation of reticulocyte receptors by transferrin iron complexes; at low iron concentrations the iron donating properties of pure diferric and monoferric suspensions to reticulocytes (in vitro) were found to be identical. In examining these effects, the biochemical and functional integrity of the transferrin preparations used is essential. Biochemical characteristics of the materials used in this study have been described, and radioiron turnover measurements in vivo (to be published elsewhere) were identical in their behavior to that of labeled plasma.
In reviewing previous reports of heterogeneity in the (38) . Fifth, differences observed could relate to different amounts of mono-and diferric transferrin rather than to differences in the function of the two Table IV (38) . There are implications of these studies in respect to the behavior of the plasma iron pool. Whereas the two sites oftransferrin and the two species oftransferrin in the rat have been shown to be functionally equivalent, conspicuous differences in amount result from changes in the proportion of di-and monoferric transferrin. These observations are consistent with a general relationship between plasma iron and plasma-iron turnover which has been previously described (40) and which may now be assumed to be a function of the relative amounts of mono-and diferric transferrin present. One may conclude that the general concept of a single plasma iron pool employed in ferrokinetic measurements will need also to include a quantitative correction for the amount of mono-and diferric transferrin in that pool.
